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1.0 INTRODUCTION

Because advanced composite materials are Viading ever increasing
appiication in many different engineering structures, designers and
users are interasted in Knowing as much about the properties and
behavior of these materials as possidie. One important area of study is
nondestructive testing and evaluation oF comoosites. A need exists for
being able to detect damage and to predict remaining service based upon
such detection. In addition, becayse these materials are relatively
new, a need extsts for nondestructive techniques which can monitor
damage as it develops and yield information which Can be used to develop
failure theories applicable to composites. Dne such technique, which
previous work by Vary and ¢o-workers {[Refs. 1-3) has shown $0 heve
potential in this respect, is the measurement of the Stress Wave Factor
{SWF). A very important benefit of tnis technigue is the fact that the
measurement of tne SWF yields a parameter which one might be able ¢35 use
as a quantitative indicator ¢¥ the nechanica! gquality of th

The wor< reported here covers the initial cortion of a continuing
investigation of the st~ess wave factar techn®que. Tis
posed to be an independent ‘nvestization and evaluation of the SWF tech-

nique for charactarizin
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site Yaminates. The majior objectives of this investigation were:
{1) evaluate the reproducibility of tne S¥F tazhniqus:
evaluate relaticnships between microstructure, mechanical properties,
and SAF; (2} compare the SHF techaique with othar KNE matnade.

(8) correlate the S4F and other NDE data to sub-critical damage states

caused by mechanical 1iading. The preliminary work covered hy tnig




report period emphasized completion of obiectives {1) and (2),
work has been performed on objective (3) as well,

A major concern with any quantitative NDE technigue is the repro-
ducinility of the data. In particular, if one is to odtain a usable,
meaningful parameter that is somehow indicative of exnected material
behavior, the obtained parameter must be reproducible from day-to-day,
from operator-ta-cperator, and from saecimen-to-snecimen, To investi-
gate the reproducibility of the SWF parameter, a large number of tests
have bSeen run on @ single glass epoxy specimen, These tests included
various couplants, methods of attachwent, contact pressures, instrument
settings, etc. These tests were perfarmed yntil the operators became
satisfied that they were ab'e to obtain a reproducible value of SwF to
within a 13% error, Details will pe preseated in the sext section of
this reoort.

After the test techrique was rafined to the point where the reoro-
ducidility of the data was within a :10% error, severa® teasile CO.pIns
of 1lass epoxy, composite material were orepared for measurenent of Sa*
valuas along the 'eajth of the specimen. & signrificant number of tesis
wers mada, varying the parametars for SWF measurement and tacing
aulciple readings for error analysis. These spectens #ere then tested
in guasi-static tension to failure, Good correlation has been found
between the poiat at which the specimens failed and the regior havirg
the Yowest SWF values when a particular set of measurelent parameters
are chosen. Further detai's of these tests are 3given in section 3.0.

Saction 4.9 of this report discusses a possible philosophy ‘or
intergretation of the Saf-material cordition interreiationship. 7o

suppert this idea, some preliminary results are given wh'ch show gsod
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correlation between strain fieid measured by a moire interfer¢meteric
method and the SWF values. These results indicate that the stress wave

factor appears aiso to measure some quality of the inftial specinen

whizh is related to local stiffness values of the material,

2.0 REPRODUCIBILITY OF THE SAF MEASUREMENTS
T™e fnitial portiorn of the work to be presented in this report
involved measurement of the SWE by the AEY Model 206 A, Acoustic

Tmission/Stress Wave Mnalyzer !Acoustic Emission Technolo
9y

-

Corporation)., This device was designed specifically for tne purpose of

%

making nmeasurements of the SWF but it also serves as a standard sigral
conditioner for normal acoustic emission monitoring. I!King this device,
an initial test program was designed to include three parts: 1) the
degree of stadbilization of the test instrument, i1} technigues for

neasuring SWF and 1i11) reproducidbility of the SWF measuremeat.

2.1 Tests on Stabilization of System Instrumentation

farly testing with the Model 206 AU “ed uS 5 GbSErve thal twi
changes occurrad in the instrunent during the warn-up perfod. The first
observation was that thare was & aoticeabls change 17 the jate repe-
tition rate with time, In particular, for a trigge~ rate of 1 «4z and a

sweep rate of 312 u sec/div, three and one-third gates were visidble on

the CRT at t=0 (Fig. 1). After a warm-up time of four hours, four gates
were abserved 01 the CR7T. It &35 ngt immedistely apparent whether or
not this gate shift nad a large influence on tha measured value of the
SWF.

The second obsarvatior was <hat a decraase ocgcurrad in the level of

the fixed threshold with time, As with standard 2coustic emission




studies, the threshold level is a setting for counting excursions above
a set level of the signal from the transducer. Each time the signal
rises above this threshold level a single count 1s recorded. It was
found that for our particuiar instrument a gradua! decrease of 10-15% 4n
the fixed threshold lTevel occurred during the first four hours of warn-
up of the instrument, After this time, the threshoid ievei stabi-
Tized. Table 1 and Fig. 2 present the data obtained on three separate
gccasions for this shift,

The observation of such instrument changes is pointed out here as a
cautionary advice for the experimenter ard also because of the fact that
such changes will affect any observations one might attempt to make con-
cerning the reproducidility of the SWF measurement. OCne must obviously
make sure that there ars 1ittle or no fnstrumentation shifts if, over a
tong period of time, he is going to be making and comparing vaiues of
SWF from different parts of the same specimen or from differeat
specinens,

In order to determire if there were 2ry variations with tire %n the
signai itself the signal was s2nolec at different times by a :ransiert
recorder and plotted. Figures 3 and 4 present typical resulss fror ore
of five tests which were run in this manner, Ffigure 3 is an individuai
signal from a glass epoxy corpasite laninate acquired at a time after
the instrument had warned-up. The Sar at tnis time was 23,200. Twenty
minutes ‘ater, the SWF had cnanged to a value of 20,200 (a 10.3%
decrease) and an individial sigra? was again recorded

(Fig. 4). Careful ohservation of the two signals shows tha* trere is

[STS

essentially ro change in the signral ftself.

*
-

thus appears iikely that

changes in measured values of SkF ozcur duie to instrurentation
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Table 1. Vvariation of the fixed threshold

t=0 30 min., 60 min., 90 min. 120 min. 153 min,

2.00 1.9l 1.85 1.81 1.79 c--
2.00 1.9M 1.87 1.85 1.84 .
1.00 0.93 0.91 0.89 0.88 0.87

Tevel (volts) versus time,

180 min.

0.87

8 hr.
1.79
0.85

change
0.21
0.21
0.15

< change
11.0
11.1
16.1




variations and not due to any change in couplant or transducer which

would directly alter the receivad signsl.

2.2 Test Program for Optimizing SWF Measurement Technique

When making an SWF measurement, one must apply two transducers, 2
sender and a receiver, to the specimen, In making this connection,
three parameters are important for consideration: i) the applied pres-
sure between the transducer and specimen, {i) the type of coupling
agent used between the transducer and specimen, and 111) the method of
applying the transducers to the specimen (i.e., type of clamp, backing
plate, etc.). Also, the instrument used to condition tha signal and
deternine the stress wave factor may be adjusted in a numder of way .,
all of which may have some effect on the value of the SwF. Many dif.
fareat tests were run to obtain information in each of these areas. The
tmportant findings will be descrided in this section.

To obtain a constant reading of tne SWF, it was found to be
necessary to apdly a load of at lTeast two pounds on each transdycar, Ag
the appiied ioad is increasad, the value of tne SWF dacreases stightly,
until, for loads of twenty pounds or more on each transducer, the valuye
of SWF remains constant witn foad. For the larger values of load, how-
ever, one begins to notice some surface damage occurring on the specimen
where contact is made with the transducers. As tne $iWF vaiue was found
to remain constant with load ahove twenty pounds, this value was
selected for all subsequent tests since it caused no visibie damage ang
is sufficiently high that one can easi'y reproduce its value from test
to test without the danger of smail variations in the ioad veing

responsible for variations in the measured value of SWF.

(541




Several differaent types of couplants were tested once a fixed value
cf load applied to the transducer was selected. In the order of
increasing viscosity, these couplants included Nonag Stopcock grease,
Ultraga! couplant, Dow-Corning silicon grease, and Panametrics shear
wave couplant. The largest viscosity couplant {Panametrics) orovided
the highest value of SWF for glass epoxy specinens when readings were
taken at the same location on a given specimen under a fixed value of
load applied to the transducers. TYypical results are presented in
Table 2. The maximum and minimun values reported for each run occur due
to noise in the system, Between each run, the transducers wers removed
from tne specimen, the surface was cleaned, and the couplant and trans-
ducers were reapplied. One might also note that Table 2 indicates that,
for readings taken using Panametrics couplant, there is a smaller per-
centage difference in the roise variation for any run and a smaiier
standard deviation in the average values from run to run., Hence for all
subseguent work reported herein, tne Panametrics Coupiant wds used.

As a further test on the effect of couplant upna the measured SWF

[

value, three different methods for appiicatior of the coudiant to th

(ol

specimen and transducers were studied. The first method studied applied

second method applied couplaat 16 both surfaces with & razor 5'ade,

resulting in a thinner couplant layer. Finally, the third method was to
apply couplant only Lo the transcuCers, Thers was nd ma’
the measured SWF values as was expected, Table 3. In addition to these
tests, a series of tests were made an 3 specimen befare anc

polishing the surface to remova the taxtire left by the scrim cloth
Y




Table 2, Variation of SWF Vaiues with four different coupiing agents.

Couplant Run S4F (x100): Auto Thres. RMS (v)
Max Min Avg % Diff Max Min Avg %
Nonagq 1 132 124 128 6.5 A0 .38 .30 5.3
2 174 162 168 7.4 .34 .33 .33 3.0
3 144 132 138 9.1 .32 31 323.2
4 162 142 152 14 .34 34 34 O
Avg. 153 140
Stan. Dvi. 18.7 16.4
Ultragel 1 132 115 124 13.8 33 .32 .32 3.1
2 176 152 164 15.8 49 A7 .48 4.3
3 92 92 92 0 .34 .32 .33 6.3
Avg. 141 130
Stan. Dev. 37.6 3.1
Corning 1 194 184 189 5.4 32 .30 .31 8.7
2 180 172 176 4.7 .33 32 .32 3.
3 170 138 154 23.2 29 27 28 7.3
4 122 116 119 5.2 .28 27 .27 3.7
Avg. 167 153
Stan. Dev. 31,3 N2
Panametrics 1 244 225 235 8.0 A2 4 L4 2.4
2 236 224 230 5.4 A2 A2 A2 2.4
3 228 216 222 5.6 .39 39 .39 O
4 255 234 288 9.0 A3 Al 4249
Avg. 241 225

stan. Dev. 11.9 7.4

Q)
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Table 3. Results of study of varfous methods for applying couplant

Method Number of

Tests
1 12
2 5
3 6

SWF, Fixed
Threshold
231 + 23
251 ¢+ 24
216 ¢t 24

SWF, Auto
Threshold
Mean S.D.
165 + 40
177 ¢ 18

144 + 23

RMS
Mean,
34 2
31 ¢
36 ¢

S.D.Mean S.D.
.05
07




during manufacture. There was a smaii difference in measured SiF
values, but no significant improvement in the reproducibility of the
measured SWF accurred.

The third parameter of importance for making the SWF measurement is
the method of application of the transducers to the specimen., Several
different fixtures and transducer arrangements were made and studied for
the relative degree with which reproducible measurements could be
abtained. Initially, the ability to obtain reproducible SWF values Trom
the supplied transducer fixture was very poor because of the difficulty
of applying a uniform 10ad on each transducer when in the fixture,
Figure 5 shows an arrangement which was found to work reasonably well.
The transducers were each affixed to the specimen with a C-clamn which
was tightened with a torque wrench so as to apply the load of 20 pounds
to each transducer., A quide was made to maintain the contar.to_cantar
distance between the transducers. Several arrangements were tried for
backing the sample. The best arrangament was determined to he tnae
shown in Figure 5. A backing plate with two circular holes was placed

immediately next to the specimen so that th

[4 ]

holes were 214
under the transducers. A second plate was placed below the first one so
that uniform pressure could be brought to haar on the entire
ment. With this configuration, the reproducibility of measurement of
SWF values was found to be within t 10 %. A later configuration was
found to yield equally reproducible values but is much easier to

apply. The transducers were ramountad in the origina! fixture provided
with the AET Model 206 AU. A spring tester, Fig. 6, is used to apply a
fixed pressure to the fixture-specimen configuration. The specimen

rests uoon a plate which has two holes located directly below the posi-

10
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tions of the transducers as is shown in Fig. 5. This arrangement, or a
similar one which allows for the apnlication of a steady, fixed pressure

upen the transducers is recommended for reproducible measurements of the

SWF.

2.3 Tests for Determining £ffect of instrumentation Paraméters

In addition to the need for optimizing the experimental technique
for attaching the transducers to the specimen, one must 4150 detemmine
the e.fect of the various parameters that can be set on the instrument,
and hence determine if there are optimum conditions here as weii. The
SWF is characterized by a count rate made as for a standard acoustic
emission test but performed on simuiated waves. The simuiated waves are
generated by a transmitting ultrasonic transducer and are detected by a
second, receiving transducer. After reception, the number of times the
received signal rises above a fixed threshold is counted for a given
time perfiod, The actual value of SWF is then the totai number of counts
obtained in tnis time period. If the simulated waves are generated at
repetition rate r, the numder of times the signal rises abave the
threshold in each pulse or Burst is N, and the counting period is g then
the SWF is given by grN. These parameters are shown schematically in
Fig. 7. Here each group of vertical lines represents a burst or pulse
of simulated waves, the period P is the inverse of the repetition
rate r, and T 1s the total time of counting. In this simple example,
the SWF wouid be eighteen., When conditioning the signai to determine
the SWF a number of parameters can be controlled. For the transmitter,
one can set the repetition rate, the gain of tne input signal to tne
transducer, the type of input (burst or pulse), and, if a burst signal

is used, the freguency and duration. Ffor the receiver, one can contro!

11




the amplication of the received signai. Finaiiy, for the counting stage
of the test, one can set the threshold level and the Yength of a time
gate during which counts are made. As shown in Fig. 7, the gate 1s iong
enough to encompass one entire burst. However, one could shorten the
gate so that not all six signal excursions above the threshold in each
burst were counted,

The received signals are displayed upon a cathode ray tube in the
Model 206 AU. As with most such displays, one can set the sween time
for the bean. Such a setting should affect only the display but not the
SWF value. However, as shown in Table 4 some variation in SUF accurraen
when the sweep rate was changed, especially at the higher trigger
rates. This may indicate a slight instability in the electranics for
this particular tnstrument. Table 4 also indicates that, all other
parameters remaining constant, the SWF varies diractly
the repetition rate of the simulated waves.

The next stage of our investigation was to dateormine what affect
1f any, the various controllable parameters had on the reproduciptlity
of the SWF., To perform these tests, the specimen surface w35 cleangd
couplant was applied and the transducers were applied to a precise loca-
tion on the specimen. “he SWF was measuraed with all parameters set and
held constant, Readings of SWF were made utilizing the fixed threshold
mode, and the automatic, or floating, thrashold mgde (Which was dasigned
to eliminate some of the effects of high background noise levels),
Readings were also made of the RMS value for the received similated
waves. When one attempts to determine the SWF using the Model 206 AU,
one finds that the value of SNF varies with time. A suffictent length

of time was allowed to pass until the amount of variation noticeadly

12




Table 4. Repetition rate of simulated waves versus sweep rate of CR7T

+ Sweep Rate, usec/div

625 32 125 62.5 31.2 12.5 6.25
2 286 28 286 270 269 286 285
To143 143 1&43 343 143 153 143
.5 n n n N n n A
.25 35 35 35 35 35 35 35
2 648 648 634 614 632 695 675
V326 327 327 327 337 348 3Z7
5 163 163 155 163 163 163 163
.25 B2 82 82 82 52 82 82



decreased, At this point, high and low values of SWF (an¢ 3¥S) wera

recorded for later averaging. The transducers were removed, the surface
~as cleaned, and the test was parformed all ogver again, A minimum of
six tests were performed for each set of parameters so that an average
value and stanca~d deviation could be agbtained, One set of tests was
performed on the glass epoxy specimen in the condition as removed from
the press (norma! surface condition) 3nd a second set, in a condition
where the surface was polished to remove the texture of the scrim

cloth., The results of these tests are presented in Tadble §. When
measuring the SWF to determine the possible efects of the various

instrumentation parameters on the reproducidbility of its val

attempt was made to vary them so that the SKF was of the order of two

hundred. B8y doing this, one is able to comn

b o
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and standard deviation of each measured value. Thus, in Table 5, when
the repetition rate was doubled from 3.5 to 1.0, for examnle, the
voitage applied to the transducer was reduced, yielding SWF n.umbers of
150 = 13 and 134 2 23 (fixed threshold), respectively, Otherwisze an
increase of twice the rapetition rate would cayse an increase of twice
the SWF number, as in Table 4,

Also, it should be noted that the gate width was set to either
maxinun or a certatn nunber of graticule divisions on the CR™, 't was
Tater determined that the sweep on the TR7T was not calibrated. Hence,
the actual open time for the gate cannot now de soecified,

Some general observatiors may be mace after study of Table §. Ffor
axample, it appears that a repetition rate of 0.5 KHz provides a some-
what sme'ler standard deviation in SKF than tne higher repetition

rates. A more interesting observatidon may de made concerning the



Table 5. Results of reproducidility tocts at varigus instrumant sattin

Normal Specimen Surface

No. of Input Repetition Pulser Threshold Gate** Sweep Automatic Fixed aMS
Tests Gain Rate Gain usec SNF SWF
dB KHz div
[ 65 .5 1 0.25 open 2.5 182+ 10 227 +9 .72+
6 65 .5 1 1.00 5 div 62.5 166t 8 187 «+ 7 .68 +
6 65 .5 1 2.00 open 62.5 116 + 9 137+ 4 .70 »
12 65 1.0 3 1.00 open 312 231 £ 23 174+ 18 .33+
Polished Specimen Surface
6 75 .5 3 1.00 open 312 194 + ;4 154 + 10 .55 +
6 75 »5 3 1.00 4 div 3.2 189 + 12 180 + 15 .51 +
6 65 5 1 1.00 open 62.5 159+ 23 200+ 19 .58 ¢
12 65 .5 1 1.00 S div 625 193 + 7 160 + 13 .58 +
6 65 1.0 3 1.00 open 3.2 215 + 24 144 + 23 .36 +
6 60 1.0 1 1.00 open 625 225 £+ 22 323 +39 .74 :
6 60 2.0 3 1.00 open 312 183 =35 109+ 21 .33 ¢
6 60 2.0 3 1.00 open 625 121 +13 257 + 60 .40 &

*yoltage to pulser 1:(-250v), 3:(-50v)

**Sweep was not calibrated

.01
.05
.cs
.03

.08
04
.o‘
04
.05
03
.06
.04



threshold level and the gates width., The smaller standard devistions ave
generally obtafined with higher threshold levels and smailer gate

widths, The reason for this smaller variability is shown schamatically
in Fig. 8. 1If the threshoid level 1s set low, the counter will begin %o

detect some of the noise at the %ail end of the signe). This a3ise wild

similariy, if the gate i5 set t5 its wider levels it will 350 3icw the
counter to detect some of the higher leve! npise at the end of the
sfgnal. Thera is, however, 3 trade-off that must Je nade. IT the

threshold i5 set too high and the gate wict
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sible that a situation might exist wnere the same SaF valig is obtained
for two distinctly different signais as shown in Fig, 9, Hence, in

order to obta‘n meaningful valy
observe the shape of the simulated signal and cnhoose instrurentation
paraneters according'y. In geners
threshold {wnich sliminates some of the noise from the ccunting
circuits), an intermediate threshold settin
mediate gate width setting a'lcws one %0 odtain reprocducible SaF valuyas

to within £10%.

3.C CORRCZLATION OF SaF WiTH FAILURE LCCATION IN TENSILE SPzliMtEhns

A very extensive testing program was next undertaken to study tne
corre’ation of the SWF vaiue with mechanicai properties of t-giass edoxy
composite laminates, A large number af measurerments were Ttade on
severa! different specimens, In generai, tne ouicome of these experi-
nents showed that a very arobable correlation exists batween initial SWF
nuaber 31d the location of the fingl Tailure Site jn the JaTinatas when

testad in gquasistatic tension. However, to detect this correlation, one

o
(24}



needs to exercise extreme care when selecting the appropriate irstrumen-
tation parameters for conditioning and Counting the signa
lated waves, This section will be written chronologically to present
the data in the same ‘ashion it was observed in the iaboratory.

The Z-glass epoxy specimens used in this study were nominally
gither two inches or one inch wide by eight inches iong. Severai gif-
ferent stacking sequences were investigated. For each specimen, initial
measurements were made of the S4F before the specimer was loaded quasi-
statically to fatlure, The SWF was measured at eight different
positions along the longitudiral axis and at eight different positions
transverse to the axis (for the wider specimens only), Fig. 10. The
transducers were mounted in the AET fixture which maintained a distance
of 1 1/2 inches between transducer centers, In Fic., 10, the transducers
were placed so that their centers were located at the ends of each
position when the 'ongitudinal measuraments were made. Hence there is
some overlapping of material covered by consecutive measurements, For
the transverse SWF measurements, the line ioining the transducer centers
was perpendicular to the specimen axis.

At each specimen position, ten iIndividual measurements of SWF were
made for fixed values of the following parameters: threshold levels,
gate width, fixed threshold, and automatic threshold. Tadble 6 summa-
rizes the tests that were run., For each SAF measurement, the trans-
ducers were removed from the specimen, tne couplant was cleaned from the
surface, and the test procedure was repeated as originally with the
transducers being appliad to the same position on the specimen for a

total of ten times at each location,

17



Table 6. Summary of experimentai conditions

Number of Tests Per Point

Longitudinal Positions Transverse Positions
Threshold Fixed Auto Fixed Auto

Leve! SWF SWF RMS SWF SWF RMS
0.25v 19 10 10 10 19 i0
0.53 10 10 - 10 10 -
.30 10 10 - i0 10 -
1.50 10 10 - 10 i0 -
2.00 10 10 - 10 10 -
2.50 10 10 - 19 10 -
3.00 - - - 10 10 -
3.5 10 10 - 10 10 -
4.50 10 10 - - - -

Note: This table was repeated for two gate widths:
open and Four divisions.

™



For the resulting data, two types of data presentations were
developed. First, the values of SWF were graphed versus the threshold
Tevel, An example 15 given in Fig. 11, The shape of ali the othier
graphs, i.e., for the other positions and gate widths, were very similar
to that shown in fig. 11. The error bars, as indicated in rig. 1i, were
generally smaller for the lcwer threshold levels.

A second method for presenting the data is to graoh the vaiues of
{Tongitudinal) SWF against position along the specimen, keeping all
other parameters constant. fAn example of this is shown in Fig, 12.

HYere the SWF value obtained by the automatic threshold feature is
plotted versus the longitudinal position along the specimen, The gate
width was set to four divisions on the CRT and each of the four droken
lines in Fig. 12 corresponds to a different value of threshold level.
The most immediately apparent fact from such data is that the SWF value
is highly dependent upon the instrument setting, If one were to attempt
t0 use such raw data to predict, for examole, the ultimate failure
focation in the specimen, it would be quite hazardous to do so, The 1.9
volt threshold level would indicate, based upon the lowest value of SWF,
that the failure location would be approximately at position 2. On the
other hand, if a threshold level of 1.5 v were used, the failure would
be predicted to occur around position 18, while a threshold tevel of 3.5
v would predict the position 15 or 19, It should be pointed out here
that one might also plot the transverse SWF values as a function of
position along the specimen, Uhen this was done, it was found that
there was no correlation, in general, between the predicitions of trans-

verse and longitudinal SWF values. That is, the low values of




transverse SWF did not generally occur at the same region as the low
values of longitudinal SWF,

This specimen, ([0,903]5, £-glass epoxy laminate) was then loaded
quasistatically to failure., The final! failure location i1s indicated by
the shaded area at the bottom of Fig. 13. At this point, each member o°
the various curves that had been plotted as in Fig. 12 were checked to
determine, after the fact, which set of parameters would have come most
close to predicting the final failure locatfon. As indicated in Fig.
13, the one member of the family which most closely predicted failure
was that one having the following set of parameter values: threshold
level: 1.00 v, automatic threshold, gate width: four divisions, longi-
tudinal SWF. An additional four specimens were tested using exactly the
same experimental testing regime. After each failure, the single member
of the family of SWF - position curves which most closely predicted the
final failure site was found to have exactly the same set of parameters
given above, Figs. 14-17. Thus, it appears at this time that the SaF
correlates well with final faflure location if the material - SwF

measurement system is carefully calidrated.

4.0 INTERPRETATION OF SWF

The question of how to interpret the effect a maieriai has on a
mechanical wave propagating through it is, to say the least, a classical
one. [n generai, consideration must be given to refiections, mode con-
verstons, various attenuation mechanisms, dispersion, etc. Any
variation in naterial condition wili normaily cause a change in one or
more of the areas mentioned. A precise description of a material's con-

dition is, however, not possibie using these corcepts. it mus® be
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recognized, of course, that a precise description of the material‘s con-
dition will at best faciiftate a determination of the stiffness since
the strength or life depend on the nature and history of the applied
toads. In a large structure, the task of determining the condition of
the material everywherz is impractica’ so it is much more desirabdle to
deternine where the condition is poor. Knowing this, attention can then
be directed at ascertaining the exact condition. [t would appear that
the SWF technique as appiied in this study possesses a tremeadous poten-
tial for doing just this type of inspection. Experimental evidence
indicates that a low stress wave factor corresponds to a region in which
the mechanical response is poor, relatively speaking. "&#hy is this so?"
ts a question which cores to mind imwedistely. “lan the Sar value
obtained at fixed settings be unijuely related to the mata~ial's
condition?* is angther, Several findings of this study seem to p-ovide
insight regarding tnese questions.

First, since the SAF procedurz utilizes two transducers in oontace

with the same side of the specimen, a tecnnicue perfirmance parameter

value may be seiected based on the reality of the fiaite transdicer
stze, a maximum value of the sepa~ation is less phvicus
since at least the volume of material between the transducers influences
the measurement, some confusion exists as to how to asspciate tha SWF
value with the material deing examined sc¢ as to allow for meaningful
data interpretaticn. "his dilamma is shown granhically in Fig, 19 far 2
region of material which {s three times as long as the transducer sepa-
ration and where the examinatior is performed witaouyt any overlap o *he

reg-ons being axamined. Any atterpt to localize the measurement to a

=~




point causes an artificial shifting of the data. That is, in Fig. a)
the value of SWF has been designated as being the vaiue for the ertire
region between the transducers, In Fig. b) the SWF vaiue has been
assijred to the point whe-e the transmitiing transcducer was piaced,
while in Fig, c), ¢ has been assigned to the Toczation o the
~eceiver, [If the regiens of inspeclion overiag, ioca
values to g poirt still causes data shifting, but eliminates the
confusion of more than ore SWF value at the same jocasion, Fig. i3, in
this instarce, however, the assicrment of an SWF to the transmitter,
Fig. b) or to the receiver, Fig. ¢}, will cause a reiatively large mis-
placement of the predicted failure location, i.e., the point of lowest
SWF, Ar alternative procedure which enables an association of the Swr
valye witn a loczl regicn of the material has been devised. It involves
agveraging in coniuncticn with the overlap
is descrined pictorially in Fig. 20 and has been applied to
used to obtain the plot in Fig. i3 and ther yields Fig. Z1.
Tt ig interesting to note that if one “imits the spacing between

P
Llle St

“h

transducers bv the ssecCial Caseé ¢

L 0

sender and receiver cne realizes that tne measurement 0f SWF would He
related to the conventional puise-ecio A-sCan, HOowever, Lhe unique
feature cf the SWF technigue is the sensitivity of the technique to the
structural configuration of the gbject. That 15 10 say that the
material's internal structure, ply interfaces, ply orientatior, and

boundaries cause the stress wave (0 oropagate Sut Ints the speciren to a

thin specimens to iaterrogate the nmaterial in the same directions in

which stresses resulting fron applied ‘oad would act. interrogation in
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these directions, as such, would be expected to find regions of the
material responding in a fashion which wouid be pecuiiar to their con-
dition, as related to mechanical performance. For example, the region
which has a poor performance regarding stress wave energy propagation
would be expected to test as a region of low SWF. If this number is the
Towest in the object, its performance wouid be coisidered 1o be the
poorest. Consequently, if all the regions were subject to an identical
state of stress, the deformation in this region might be expecied to be
the most severe, and the site at which failure initiates. AS has been
indicated earlier, Clear evidence exists which supports this
suggestion.

However, some question exists regarding the exact relaticnship of
the measured SWF and the strength. Further, because of the terminal
nature of strength determining tests, the potential stren
regions cannot be determined, It fs important to recognize at this
point in addition that the strength is dependent on the
history and future, That is to say, for a particular piece of material,

the strength of any region 1< not uni

e fanca
e Bab ek WAL S -
questionable to expect a relationship to exist in general between the

SWF measure and strength, One may exnect a particular relation to axict

between SWF, strength, and specific load history. On the othe~ hand the

-

stiffness of the material is dependent on i‘s presen

nt condition alone,
Therefore the likelihood of some correlation existing between stiffness

and SWF is plausible,
As is perhaps already evident, the tern "stiffness” is deing used

- -

in a somewhat unorthodox fashion, (Classsically, K ctiffnecs is congidared

to be a structure-insensitive property. However, because the very
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nature of the composite material is that of a structure, the property of
stiffness rust of necessity be structure sensitive. Tnis is not to say
that the stiffness of the constituents of the composite material, f.e.,
the fiber and the matrix is structure sensitive. Mhevertheless it is
necessary to recognize that, since laminated composite materials may in
general continue to support ioad even after sustaining considerabdle
damage and may exhibit property variations from point to point in even
the undamaged conditior because of problems during manufacture, deter-
mination of stiffness is inextricably linked with a gage lengtn,

As part of the work conducted under this grant several experiments
were performed which were directed at comparing the stiffness of the
material to the measured SWF. The fechnique of moi re interferometry was
gtilized to obtain whole field in-plane displacements during quasistatic
tensfon {Appendix). Since tne interference patterns obdtained may be
interpreted as displacement, it is possible to deternine the stiffness
at every poiat along the fength of a straigat siced coupon specimen,
subjected to tensile load. Fig. 22 shows the mo‘re interferometric

-
]

pattern obtained for 2300 usirain appiied to a | inch wice IG,903_S
£-glass epoxy laminated specimen. Using this pattern, the local
stiffness was determined along the iength of the specimen, These
resuits have been compared with SWF measurements nmade on the same
specimen, Fig. 23, Ciose correlation can be seen for this exampie 11
which the averaging scheme described earlier has been ysed, Further
work is necessary regarding tnis correlation in that a variety of
material conditions may give rise to the same material stiffness. This

is because the stiffness integrates ail of tnese indivicual effects.

Now although the SWf measurement alsc integrates, it has not been
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established that there exists a one to one correlation between SWF and
stiffress, That is, different material conditions which give rise to
the same stiffness may be measured as being different by SWF, or vice

versa.

5.C CONCLUSICNS

recuced by optimum selection of particular va‘ues of these parameters.
After nany tests and observations, it was determined that “he SWF valie
can be measured reproducidbly to within &n errcr of $£13% if care and
experienced operators are usedq,

further tests were performed to investicate the correlation between
local SWF values along the lergth of F.g'ass epoxy laminatas and the
site of final, catastrophic failure when tensiie loading was appliea.
It was first found that the SWF versus position curves will vary sub-
stantially depending upon one's choice of instrumentation parameters
used to make the SWF measurement. A different set of parameters will
yield a different location cf the lowest SWF value. If one wishes to
relate the lowest value of SAF with final faflure sice, it is mandatory
to perforn a carefui testirg and calibration program, using a wide range

of parameter settings, We fcund that, after testing three coupons,

there was ore temter of the “ariiy of 34%-position curves wnich
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failure site. I~ each case, the predicticr was clcosely verificgd,

A vciré interferometry technigque, appl-ed to tws f£-3Yass epoxy
soecimens, was used to determina the in-nlane dig
application of a tensile load, The locai strain €ields, i.e. the dis-
placement gradieats, were found to be inhomasansnus becayse of local?
differences 17 material stiffress, When SWF measurements were comparecd
with tne strain field, it w2s found that close correlaticon existed
between those regions when the strain was the greatest {or local
stiffress the least) and the regic~ 5f <aterial having the Towest value
of SWF, Whether or not this gbservatior will hold in general has yet to

be determined,
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Figure 1. Observed time variation of gate repetition rate during
Warm-up.
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Schema*ic diagram indicating SWF measurerent withzut any

overlap of regions examined.

Figure 18,



POSITION

Schematic diagram indicating SWF measurement with over-

Tapping examined regions.

Figure 19.
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SWF=#| 4+ SWF=2 + SWF=3
L 3 J

S,*SWF =1 SWF=| SWF=isR,

Figure 0.

Spe® SWF=2 SWF=2 SWF=2eR,
S3 ®* SWF=3 SWF=3 SWF=3eR,

weighting scheme t0 determine S»™ value of lccal regicn in
specimen. (S.--locatior of sencinc transducer, Ri="
location of réceiving transducer. )

R 2N
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APPENDIY. - CORRELATION OF THE STRESS WAVE TACTCR WITH MOZRE IHTEREE ROMETRY
by Ani) Govada
ABSTRACT

A 0, 90,,5 glass epoxy comoosite laminzte, virgin specinen, wes
evalyazed £y the "Stress Wave Factor” [SaF) tachrique. The low values
cf SKF correspending to inhe “weaxk” areas on the specimer were roted,
Ultrasonic C-scans of the specimen suprorted the SwF resuits. Tre in-
plane disdlacements, u, of the specimen were obiained, under ioac, using
"Moiré Interferometry.” Lloading was stcpped after the first piy failure
of the larinate occurrec. The in-7iane dispiacements zn the siecimen wera
observed. The areas of hich 4 dispiacements on the speciren corres-
Jcnged quite w~eii with the areas 0° iow Swr. Lccat stifiresses were 2iso
obrained f~om the voiré fringe patter~s on the specimer, and correla‘ed

Juite well aith the SWF resa’ts.

INTROSUCTICN

Stress wave wF' -~ Trheor:

]
i

Stress wave factor (11 is a measure oFf “me 3tress wave sravyy

H

cransmission. The stress wave factor providec a mTeans of ratong tre
evficiercy ¢f ¢ynamic s2rain enerzy transfa~ <n 3 clven CCrposite

rs

materia’l. tne matarial exhibits an efficient stres: wave eneray
transTer, then it will fave higner strergth. 7ha<T 1g, betler stress
wave traasmission means cetter sransmissicn of dynamic strass and loac
distrisuticn. Ccnversety, ow vaiues of SaF weuid irgicsiz places anere

.2

the gynemic strzin enercy is likely %C concentrate ang promote Sracture [2].
Bigter zitenvation civac rise to a4 TOwér Sar. In 33%ér aords, the

rnigher <he S4F, the less the attersaticn of sirsss waves.

(A1
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The SWF is basically a combined ultrascnic and acoustic technique
~ scheratic of the SWF set up is shown in Ffig. la. A known ultrasonic

oulse is introduced at ore point on the specimen and it is monitored

acouystically at some ctner point on the same specimen. The deciee of

attenuation of the yltrasonic wave is ccnverted %o a nurerical value
called S4F after appropriate signal conditioning. Theé SwF itseif is
defined [3] as the number obtained by multipiication of the number of
times the voltage ievel of a singie sianal exceeds 3 set inresinoid jeveil
by the pulse repetition rate (1/p) and by a predeterminec iength of time
before the counter is reset (7). This is scrematicaliy shown in Fig. ib.
Sur = C.T.-;-
where

€ = total number of counts of a single signal that exceeds a set
threshoid iavel

-

. = vime tefcre the counter is reset

.
;-= fulse repetition rate

vary et al. [1] nave shown that the SWF decreased :rcgorzicnaliy
with fractional powers of ultimatze strength ard it -ay te an useful aid
in predicting failure locations in itnin composite laminates. Trey mave
repcrted data that shows final fracture of tne specimen occurs at the i
‘owest value of the SWF. This has teen confirmec tc a certain cegree by
tne Materials Sespcnse Group [37 at Virginia Tech. But “further work is
reeced 0 estadiish exactiy the reiaTicaship between <he varicus exgeri-

Tental paremeters and 4ne mecnanical praverties, The straes wave ‘asecr

obtainec ‘cr 3 given test arez or a given <es: steciren sepencs cr the

w
—



wave propagation direction relative to the fibers. Ccther factiors that
influence <he magnitude of the vaiue are fiber bonding, fiber-resin
rz%ig, Ticro voids, interlaminar bondings, etc. The SWF obtained is a
urely relative punter that wiii differ subszarzialiy for different
speciren geometries, fiber orientations, widins, thicknesses, mater<als,
transducer cressure, couplinc agent, signei gain, tarssncic voltzace,
te width, et:. From the preliminrary woerk that had been done at

Virginia Tech, a particular se: of parareters have been found to give

-

reprocucible resulzs. The same set of sxperimental

it SRR B

sarameters were ysed

in this study.

Mciré Interferometry {(Reflection) -- Theory

Moiré interfercmetry depends upcn diffraction of light 2s wel'l as
interference [47. Yoire fringes are obtained by using ciffracticn
gratings. A grating is a surface with reguiarly soacec tars or furrius.
The gistance betweer two consecutive bars it calied piter, . Fregiency

< ¢f a grating is the numper c€ Sars rer uni: ‘engtn

-

-4
#"
) |—

A grating Zdivices every “ncident wavesr3ir ints 2 multipiicit
wavesraine of crailer intensities; and it causes these wavetrains 3
ererse in certain greferrs¢ directicns. A sarailel sesm incident 3t 2
sarticular angie on the grating civices it into a series of beams that

amncimnn Asdawe
Qu i rwil vl uei 9

emerge 3t preferrac angles. Thése Jearms avre <3
and are numcered in secuence becinning with the zero arcer, which is the

mirror reflection of the incidert beam. The angle Sewesn the neigh-

zorinc di¥<raction crders ic smali for a ccarse grating and it is larae
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for a fine grating.

The grating equation defines the angles of diffraction, viz.,

Siné =ma+ Sina
where m defines the diffraction order of the beam under consideration.

Coarse miré is produced by the superposition of two coarse gratings
with frequencies in the range of about 1 to 40 lines/rm. (Qne of them is
an active grating (glued to the surface of the specimen) and the other a
reference grating (virtual). The virtual grating is formed by the
intersection of the wavetrains from the reflective active grating and a
mirror beside the active grating. Fig, 2 shows the myiré interfarametry
set up.

Moiré fringes are the locus of points of constant dicnlacementc
specifically the in-plane displacement component in the direction

perpendicular to the lines of the reference grating (1], Mairé frince

° R A S 1

order, N, derctes the number of cycles of intensity fluctuation exseri-

-

enced at any point as the dicplacement changes from zara 40 itc Finad

value.

u=agiN; X

g N longitudingl directicn

»

v 4 Ny; ¥ = transverse directicn

--y,v are displacements in the longitudinal ard transverse directicns

--g = pitch of the reference grating

-=N_, ﬂy are the fringe orders when lines on the reference grating ars
perpendgicu’ar to the longitudinai and the iransverse directions, re-
spectively.

Frcm the displacements we can get sirairs

(3 0]
[}



e = v
y dy
" xﬂ-}ﬂ
vy dy dx

wiere € and ey are the norral strains and Moy is the snear sirain.

Stresses can be cetermined using stress-strain refationships. Since

the strains and the associated displacements are very smal

-l

, gratincs of
fine pitch and high frequency are required {4].
A grating is made by exposing a high-vesolution photocraphic nlate

to two intersecting beams of coherent (ight. Frequency of the grating

is controlied by the argle of intersaction accordin

. 3
Slﬂz*:f

where o = ircident anc’e

1 = wavelength of lignt used

f = frequercy of grating
The rwc intersecting beams give risg %9 3 diff-aczicn catiern of lignt
and dark tarcs. wnen the niate 1s deveicped si.ver graing rerain in the
expcsed zones, while “ne siiver is leacnhes cut in the Lnexposed zcres.
The celatin matrix shrinks upon drying, but since it is zartie’’y
restrained ty the siiver, shrinkage is greatest ‘n <he unexnissd 2ones.
The result is a plate with a furrcwed surface wnicn car be uyced as 3
grating. The grating is mirrorized w'ih 2luminum 4c improve Sis reflace

tive cyalities. The grating 1S thew tran:ferred arc attacred %c the

specimen with ar adhesive.




EXPERIMENTS AND RESULTS

Initial Inspection

An uitrasonic C-scan of the specimen is shown in Fig. 3. There are

ciearly ircicaticns of flaws near thre center anc the tor of the specinen.
Fowever, X-ray radiography and edge replicaticns diZ not indicate anv

5]
<

flaws in the material.

Measurement of the SWF

The SWF measurements were mace using a commercial instrument.

Three sets of measurements were made along the length of the

e

cnacivon
L] 'bl— L T X )

Fig. & schematically shcws the crientation and various positicns of the
transducer assemtly on the specimen. The specimen was 1S
effective gage length of about 10cm. The width of the specimen was
2.5cm.

The experimental garameters usec were:

Threshold : 1.C0 voizs
Trig raze : 0.5 k

Scale : 120

Ratz : 1.C sec

Gain : 25 g2

Trig. mode : pulse

Sweep rzte : 62.5 u sec/div.
trergy : 2.C uniss

Gate : & m sec

Mcde : auto

Courlant : Pzrametrics

wn
(84



Distance between
the transducers : 1.5" {fixed)

Pressure on each
transducer : 5.82 kg

The SwF valyes for the various positions on the scecimen are pictied
in Fig. & {average value of ail three lines). MNote that the center anrd
the ends ¢f the specimen have Tow valyes of SwF. Fig. 6 is a 3-C piot

of the SAF versus the location on the speciren.

Measurerent of Displacements by Moiré Interferometry

Moiré fringes are obtained by superimposing a carrier pattern with
3 live load pattern. The carrier patleri has two funclions:

1. to get easily interpretable fringes, i.e. wide apart and

resolvable to the naked eye

Z. to introduce apparent strain s¢ that we can compare it with

the load pattern to get reiative dispiacement contours.

A grating of 1200 iines/mm was giued to the s;yecimen so that the
furrows on the grating were along the longitucinai axis of the specimer.
The frequency of the virtuai grating was 2400 iines/~m. The effective
fieid »as about 9.5cm x 2.5¢m. The ‘ield size is iixmited by tre size of
tne lenses. Since the cage lengtn of the specimen under study w~as
10cm x 2.5cm, the field cotained here was gquite adecuate. T“re scecimen
was then fixed in the loading frame of the moiré interfercrmetry setuon.

A carrier pattern of 1C iines/mn w~as initially made. 7The carrier

pattern was taved onto a clear glass plate in the camera assemd y. £
superimposed view ¢f the carrier pattern and the live pattern was cblainec.
At no load a perfect nui’ “ielg izerc fringes) is desiradle byt often iz

is difficult to achieve. 1In this study a perfect nu’l field w~as achieved

wn
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at no load. The specimen was then loaded to varicus levels of strainm.

The strain was monitored using a sirain gage cemented to the bac

»
(=]
—"
(3.4
=~
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specimen. A temperature compensation gage was also used to take into
account the changes in strain due to thermal variations. Photographs of
the superimposed carrier and the live patterns were taken at these
following strains:

SO0 ue . . . . .+ v 4 4 e s s e e v e e+ .. Fig. 72
EM 1800 UE . . . . . .t s e e e e e e i e .. .. Figo Tt

2000 ue . . . . . . ¢ . 4 i i e e s e s s e e s . . Fig. Ba

EM 2300 UE . . . . . . i e e et e e e e e e e e e .. Fig. B8
a

strains. This is necessary when the fringes are 50 C155e together that
the numan eye cannot resolve them. The extensional mismatch introduced,
removes the average displacements from the ‘ringe patterr, 50 thet
fringes remain only in the high displacement areas. Extensioral mis-
match can be intrcduced by changing the angie at which the Cean is irci-
dent upon the specimen. when strains are comouted from displacerents,
care should Se taken tc acccunt for tne average displacements that have

been removed.

Measurement of Locai Stiffresses

The moiré pattern at 2000 uc was used to measure the “ocal strains
at eacn rode point on the specimen. There are Seventesh rece Hoints
fcr each line aleng tne length of tre speciren. There are three lines;
see Fig. 4. Two-Indusanc uc was chcsen, as this eve: of strain 2id not

fail tre &C° pliec in <he zminat2. As the axial icgad ¢cn tne sdecirern

(8a)
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was constant, the reciprocal of strain would essentially be th
ness. The stiffness values were measured at all fifty-one (17x3) points
on the specimen. Fig. 9 shows a plot of ocal stiffnesses versys the

position on the specimen.

Discussion

Observing Fig. 7a and 7b one may see that upon increasing the

field, Fig. 7a to a nonuniform one, Fig. 7b. At 2000 ue, Fig. 8a, which

is a Tittle Tower than the failyre strain for 90°

fringes that are closely spaced. The sres above and belcw th
had lower numper of fringes corresponding to lower displacements. lNeote
that the moiré fringes cannct be clearly seen at the botiom end of the
specimen because of an irregular scrim cloth pattern which resulted from
the specimen fabricaticn. From the moiré fring

weak areas optained witn the SWF technique {Fig. S) at the center and
the ends of the specimen corresgond to reégicns whereé the disslacement
contours are closely spaced. That is, areas ¢f high gisplacerent corre-
spond tC low stiress wave enerdy fransmission: Such a behavicr mighi te
expected of weak regions. At 23C0 ue, Fig. 8b, at which tne 93° plies
failed there was some rotation of the fringes, but the fringes were
stili closely spaced at the center ard tne =nds of the specimen. From
Flg. 9, it is clear that the positions of icw SaF corresbenc Zuite well
with the areas of low stiffnesses ¢n the svecimen. From these vesults
it can De suggested that the warfaticn o sirain energy Zensitv zouic te

related to
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the energy transmissicr (S«F; ‘n tris specimer. The variazion of strain
enargy censity can be evaiuated from the yoiré pazterns. Verfation of
train energy censity is work, and this can be related tc the SwF.

The speciten after beirg removec Srem the load frame of <he roiré
interferometry set up wes suiled ir guasi-static temsicn urtil firal
fracture. The specimen faiied in tha tco crin. 2 2 resyle, we cinngt
wake meaningful correlations between this fracture, the displacerent
contours and the SWF values measured earlier. The interpretation cf a
failure in the grip region is complicated aven more by the ccmplex

tress state cause¢ Iy the grips. Howsver, it i3 intercestinc to note
that the top grip regicr had low values of SWF; see Fig. 10.

Future work recomenged inciudes ihe measurement of hoth u anc v

displacerernt fields anc the develszrent of 2 model basec on <he variatign

c¥ stra’n energy Censity and the Sur.

“re conclusicrs frem tnds siucy ere:
. Yoiré interfercmetry 35 a useful methcd to chec« the veiidiey

of tne SWF resilts, ac tcrer fi exceliers cérre’as’zn

1Y
0

Gizs
tetween tnese twG technices,
2. Lccai stiffness valies obtained from zne reieé s ‘rce patteris

-~

ccrreiazec quize well with trhe Suf resylss.

Ly

. A correiztion tetween tre ini<ial C-scan zns the T.f resy %3

w2s nbserved,

(5]
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Figure 2. - Schematic of moire interferometry setup.
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